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Abstract
There is a long-standing debate regarding the origin of the terrestrial planets’
water as well as the hydrated C-type asteroids. Here we show that the inner
Solar System’s water is a simple byproduct of the giant planets’ formation.
Giant planet cores accrete gas slowly until the conditions are met for a rapid
phase of runaway growth. As a gas giant’s mass rapidly increases, the orbits
of nearby planetesimals are destabilized and gravitationally scattered in all
directions. Under the action of aerodynamic gas drag, a fraction of scattered
planetesimals are deposited onto stable orbits interior to Jupiter’s. This
process is effective in populating the outer main belt with C-type asteroids
that originated from a broad (5-20 AU-wide) region of the disk. As the
disk starts to dissipate, scattered planetesimals reach sufficiently eccentric
orbits to cross the terrestrial planet region and deliver water to the growing
Earth. This mechanism does not depend strongly on the giant planets’ orbital
migration history and is generic: whenever a giant planet forms it invariably
pollutes its inner planetary system with water-rich bodies.
Keywords: Origins of Solar System planetary formation
1. Introduction
The asteroid belt is a nearly empty expanse, with a total mass of only
∼ 5× 10−4 M⊕ (DeMeo and Carry, 2013). Asteroids have a radial composi-
tional gradient: the inner belt is dominated by S-types and the outer belt by
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a variety of other classes but predominantly C-types (Gradie and Tedesco,
1982; Bus and Binzel, 2002; DeMeo and Carry, 2013, 2014; DeMeo et al.,
2015). Asteroid classes have been spectroscopically associated with differ-
ent types of meteorites (Burbine et al., 2002). S-types are associated with
ordinary chondrites and relatively dry, with ≤ 0.1% water by mass (Robert
et al., 1977). C-types are linked with carbonaceous chondrites and are 5-20%
water by mass (Kerridge, 1985).
It is tempting to link the S- vs. C-type division with the water conden-
sation line (the “snow line”). However, the snow line is not fixed but moves
inward in time as the disk cools (Lecar et al., 2006; Kennedy and Kenyon,
2008; Martin and Livio, 2012). The existence of ice at the snow line depends
on inward drift of small particles (Ciesla and Cuzzi, 2006), which may be
blocked by an outer, ice giant-mass object (Lambrechts et al., 2014), discon-
necting the condensation temperature from the presence of water (Morbidelli
et al., 2016). Grimm and McSween (1993) argued that the timescale for plan-
etesimal growth closer-in than 2.7 AU was short enough to capture energy
from the short-lived radionuclide 26Al and to desiccate S-types, whereas C-
types formed beyond 2.7 AU and more slowly, after 26Al was extinct. The
Grand Tack model (Walsh et al., 2011) proposes that Jupiter formed be-
yond the snow line and that the asteroid belt was sculpted by the planet’s
inward-then-outward gas-driven migration. In this context, S-types represent
planetesimals that originated interior to Jupiter and C-types planetesimals
from between and beyond the giant planets’ orbits that were dynamically
implanted into the belt as a result of the giant planets’ migration.
Here we show that the giant planets’ gas accretion destabilizes the orbits
of nearby planetesimals, many of which are scattered inward. Some plan-
etesimals are implanted into the outer asteroid belt, explaining the belt’s
compositional gradient. Others are scattered past the asteroid belt to deliver
water to the growing terrestrial planets. This mechanism is an unavoidable
side-effect of giant planet formation. Large-scale radial mixing of small bod-
ies occurs naturally as planetesimals near the giant planets are destabilized.
The existence and distribution of water in the inner Solar System is a sim-
ple consequence. The mechanism is robust to the giant planets’ growth and
migration history, and can improve a number of models of planet formation.
This paper is laid out as follows. In section 2 we outline our simulations.
In Section 3 we present results for the simple case of Jupiter and Saturn grow-
ing in-situ. In Section 4 we show how the timing of giant planet formation
determines the balance between asteroidal implantation and water delivery
2
to the terrestrial planets. In Section 5 we consider a range of possible growth
and migration histories of the giant planets and explore the consequences.
In Section 6 we present two simulations that also included the ice giants. In
Section 7 we discuss the efficiency of asteroidal implantation and how it con-
nects with planet formation scenarios. In Section 8 we show how our results
match Solar System constraints and how the mechanism can be incorporated
within models of Solar System formation. We conclude in Section 9.
2. Simulation methods
We performed simulations designed to capture the state of a planet-
forming disk mid-way through its evolution, after macroscopic bodies (plan-
etesimals and giant planet cores) had formed but before cores had undergone
runaway gas accretion. Our code is built on the Symba/Swift integration
package (Levison and Duncan, 1994; Duncan et al., 1998), modified to in-
clude a number of effects related to hydrodynamical interactions with an
underlying gas disk.
Our simulations include one or two giant planet cores and a swarm
of small planetesimals embedded in a gaseous disk. Jupiter and Saturn
started as 3 M⊕ cores – just below the expected threshold for rapid gas ac-
cretion (Ikoma et al., 2001) – and grew to their current sizes on a timescale
of ∼ 105 years (Pollack et al., 1996; Hubickyj et al., 2005; Lissauer et al.,
2009, ; although we test the effect of this timescale).
Our initial gas disk profile follows a simple profile, with surface density
Σ = 4000(r/1AU)−1 g cm−2 (see Fig. 1). This is a few times more mas-
sive than the ‘minimum-mass solar nebula’ model (Weidenschilling, 1977;
Hayashi, 1981) and consistent with profiles inferred from observations of the
outer parts of protoplanetary disks (Andrews et al., 2009, 2010). The disk
has a uniform scale height of H/r = 0.05.
We increase the mass of the giant planet cores linearly on a parameterized
timescale τgrow that is generally set to 10
5 years (although we test the effect
of varying τgrow). This neglects the more complex growth curve envisioned
by the core accretion model, in which a core’s growth proceeds slowly until
runaway gas accretion is triggered, and a slower tail of growth after the planet
carves a gap in the disk (Pollack et al., 1996; Ikoma et al., 2000; Rice and
Armitage, 2003; Lissauer et al., 2009). Nonetheless, our fiducial timescale
of 105 years is close to the Kelvin-Helmholtz timescale for the Jupiter and
Saturn region (e.g. Thommes et al., 2008).
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As the planet grows it modifies the disk’s structure by carving an annu-
lar gap (Lin and Papaloizou, 1986; Crida et al., 2006). We interpolate the
disk’s surface density and azimuthal velocity between our initial gas profile
and a scaled profile taken from hydrodynamical simulations by Morbidelli
and Crida (2007), so the gap is carved on the same timescale as the planet’s
growth. When Saturn’s core grows the process is repeated, interpolating be-
tween two surface density profiles from hydrodynamical simulations (Fig. 1).
The disk dissipates on the exponential timescale τgas. During dissipation,
the radial surface density profile does not change (apart from the gap opening
during the giant planets’ growth. Observations of disks in nearby embedded
star clusters suggest a disk dissipation timescale of ∼ 105−6 Myr (Simon and
Prato, 1995; Currie et al., 2009). Most of our simulations have a dissipation
timescale of τgas = 2 − 5 × 105 years, but we also performed simulations in
non-dissipating disks to isolate the importance of certain parameters such as
the planets’ growth timescales.
Planetesimals feel aerodynamic gas drag from the disk, which affects their
orbits (Adachi et al., 1976). To compute the gas drag acceleration on plan-
etesimals we use the following formula
adrag = −3Cdρgvrelvrel
4ρpD
(1)
where Cd is the drag coefficient, ρp and D are the planetesimal’s bulk density
(fixed at 1.5 g cm−3) and diameter (we tested D from 1 to 1000 km). The vrel
vector is the relative velocity of the object with respect to the surrounding
gas and ρg is the gas density at the planetesimal’s immediate location (such
that planetesimals on eccentric orbits feel changing gas drag over the course
of an orbit). The gas drag coefficient Cd is implemented in a size-dependent
fashion (Brasser et al., 2007).
Gravitational interactions with the disk damp the cores’ eccentricities
and inclinations (Papaloizou and Larwood, 2000; Tanaka and Ward, 2004),
although this is only important for core-core interactions (i.e., the simulations
with growing Jupiter and Saturn; Sections 4-7). We start by calculating the
damping time scale (Tanaka and Ward, 2004)
twave =
1
Ωp
M?
mp
M?
Σpa2p
(
H
r
)4
, (2)
where Ωp is the orbital angular velocity, M? and mp are the stellar and
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Figure 1: Surface density profiles of our underlying gaseous disks, all at their initial values
(i.e., not scaled down due to dissipation). The black curve is the initial disk profile, with
surface density Σ ∝ r−1. The other curves come from hydrodynamical simulations (Mor-
bidelli and Crida, 2007): the green dashed curve is the disk profile after Jupiter has grown
to its full size (at 5.4 AU) and opened a gap and the blue dotted profile is when Jupiter
and Saturn are locked in 3:2 mean motion resonance and have opened a common gap. As
our simulations evolve, the disk profile is maintained but the surface density decreases on
a prescribed exponential timescale.
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planetary mass, respectively, Σp is the local disk surface density, ap is the
planet’s semimajor axis, and H/r the local disk aspect ratio.
The eccentricity damping timescale te is (Cresswell et al., 2007):
te =
twave
0.78
[
1− 0.14
(
e
H/r
)2
+ 0.06
(
e
H/r
)3
+ 0.18
(
e
H/r
)(
i
H/r
)2]
(3)
and the inclination damping timescale ti is
ti =
twave
0.544
[
1− 0.30
(
i
H/r
)2
+ 0.24
(
i
H/r
)3
+ 0.14
(
e
H/r
)2(
i
H/r
)]
.
(4)
Our initial conditions include Jupiter and Saturn’s cores, each starting at
3 M⊕, plus 10,000 effectively massless planetesimals spread between 2 and 15-
20 AU depending on the simulations, with a 2-3 Hill radius gap around each
core. The cores interact gravitationally with all other bodies. Planetesimals
feel the cores’ gravity but do not self-gravitate. Simulations were integrated
for 0.5-3 Myr with a timestep of 0.1 years. Particles were removed from the
simulation if they were closer than 0.35 AU from the Sun or farther than 200
AU.
We tested the effect of the following parameters: the planetesimal size, the
gas accretion timescale, the disk lifetime, and Jupiter and Saturn’s growth
and migration histories.
3. In-situ growth of Jupiter and Saturn
Figure 2 shows a simulation with Jupiter and Saturn growing in a sea
of 100 km planetesimals. At early times cores scatter nearby planetesimals,
which follow “wings” in semimajor axis-eccentricity space corresponding to
regions of constant Tisserand parameter (Levison and Duncan, 1997). Given
the cores’ small masses they only excite eccentricities up to ∼ 0.1. During
Jupiter’s rapid gas accretion (starting at 105 years) the mass-dependent or-
bital stability limit (Marchal and Bozis, 1982; Gladman, 1993) shifts. Nearby
planetesimals’ orbits are destabilized and gravitationally scattered by Jupiter,
again along Tisserand wings but to high eccentricity orbits that crossed the
Solar System. The large velocity differential with respect to the gas disk gen-
erates a drag force that re-circularizes planetesimals’ orbits (Adachi et al.,
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1976) and deposits many into the main asteroid belt. Planetesimal scat-
tering was repeated when Saturn’s core underwent rapid gas accretion from
300-400 kyr in Fig. 2. By this point the gas disk was depleted and gas drag
was weaker. Many planetesimals were scattered by the growing Saturn and
subsequently so strongly by Jupiter that they overshot the asteroid belt and
crossed the growing terrestrial planets’ orbits.
3.1. Effect of planetesimal size
We use four simulations to illustrate more details of the asteroid implan-
tation process. These simulations are identical to the simulation presented
in Fig. 2 but for four different planetesimal sizes: diameters D =1, 10, 100,
and 1000 km. Each simulation was run for 3 Myr with an exponential gas
dissipation timescale of 200 kyr. Jupiter grew from 100-200 kyr and Saturn
from 300-400 kyr.
Figure 3 shows the orbital distribution of planetesimals scattered into
the inner Solar System in the four simulations. There is a segregation in or-
bital eccentricity by planetesimal size. Large planetesimals feel much weaker
gas drag and require a longer time for their eccentricities to damp. Scattered
planetesimals are generally captured into the main belt by having their eccen-
tricities damped at near-constant semimajor axis. Larger planetesimals take
longer for their eccentricities to be damped and so are generally deposited on
higher-eccentricity (and inclination) orbits. In the simulations from Fig. 3,
all but the largest planetesimals have damped to near-circular orbits. As
their eccentricities damp slowly, larger planetesimals tend to undergo more
close encounters with the Jupiter (compared with smaller planetesimals) and
are more readily scattered onto very high-eccentricity, close-in orbits that
cross the inner Solar System.
The eccentricities and inclinations of all but the largest implanted plan-
etesimals in Fig. 3 are significantly lower than in the present-day belt. A
later dynamical phase is required to excite the asteroids’ orbits to the cur-
rent observed levels. This may or may not be linked with a depletion of the
belt. This is discussed in Section 8.3.
With the simple assumption that planetesimals originating past 4 AU
have C-type compositions, and that S-types represent planetesimals native
to the main belt, our simulations broadly match the observed S/C-type di-
chotomy. Scattering promotes the implantation of medium-sized (10 km
and 100 km) planetesimals throughout the main belt, with a distribution
that rises toward the outer main belt (Fig. 4). The smallest planetesimals
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Figure 2: Snapshots of a simulation of Jupiter and Saturn’s in-situ gas accretion. Planetes-
imals are color-coded simply by their starting orbital radius. Here Jupiter’s grew linearly
from a 3 M⊕ core to its full mass from 100-200 kyr and Saturn from 300-400 kyr. The
planets were locked in 3:2 mean motion resonance throughout the simulation, a natural
outcome of convergent migration (Masset and Snellgrove, 2001; Pierens and Nelson, 2008;
Pierens et al., 2014). In this case, planetesimals were 100 km in diameter, the gas disk
depleted uniformly in radius on an exponential time scale τgas = 2× 105 years. The main
asteroid belt is shaded in gray. Above and to the left of the dotted curve, planetesimals
have perihelion distances that cross the terrestrial planet region.
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Figure 3: Orbital distribution of planetesimals scattered into the inner Solar System from
four simulations with different planetesimal sizes. The main asteroid belt – defined here
to have perihelion q > 1.8 AU, eccentricity e < 0.3 and semimajor axis a < 3.2 AU – is
shaded. The dashed lines show orbits that cross that of Jupiter and Mars (note that Mars
is not included in these simulations).
feel the strongest gas drag and quickly decouple from Jupiter after they are
scattered, implanting them closer to Jupiter than larger planetesimals. The
distribution of the largest (1000 km) planetesimals has a broad peak cen-
tered at ∼ 2.7 AU. As gas drag is weaker, large planetesimals’ eccentricities
damp slowly so they undergo many scattering events with Jupiter. Plan-
etesimals beyond ∼ 2.7 AU can re-encounter Jupiter (since their aphelia
Q = a(1 + e) = 5.4 AU for e = 1) and are cleared out by scattering whereas
those at smaller orbital radius are protected. The confluence of these factors
produces a peak at half of Jupiter’s orbital radius. Ceres, the only ∼1000 km
asteroid, lies close to this peak (at 2.77 AU).
From the same four simulations, Fig. 5 shows the source regions for plan-
etesimals that were implanted into the main asteroid belt (left) as well for
planetesimals that were scattered past the asteroid belt onto orbits cross-
ing those of the growing terrestrial planets. A comparison between the two
panels shows that:
1. Overall, more planetesimals were implanted into the asteroid belt than
scattered to the terrestrial planets in these simulations. This is sim-
ply because the giant planets’ growth happened relatively early in the
disk’s lifetime, favoring implantation over water delivery (see Section
4). A later phase of planetesimal scattering driven by, for example, the
migrating ice giants (Izidoro et al., 2015), could easily serve to deliver
more water to the terrestrial planets or pollute the belt.
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Figure 4: Radial distribution of planetesimals after they were implanted from beyond 4 AU
into the main asteroid belt from a set of twelve simulations, four each with planetesimal
diameters D of 1, 10, 100, and 1000 km. Each color corresponds to a given planetesimal
size. The distribution for each population was normalized a common value such that
the distributions indicate the relative abundance of different sizes in each location. The
normalization was for the D = 1 km planetesimals in the outermost bin.
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Figure 5: Left: The efficiency with which planetesimals were implanted onto stable orbits
within the main belt as a function of the planetesimals’ initial orbital radius. In other
words, the source region of C-types in the simulations with Jupiter and Saturn growing in-
situ. Right: Source region of potential water-delivering planetesimals. These are objects
that were scattered onto orbits crossing the orbit of present-day Mars, i.e., to a minimum
perihelion distance of 1.5 AU or smaller. The format and scale is the same in the two
panels.
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2. Moderate (1-100 km) sized planetesimals are most easily implanted
into the asteroid belt whereas the largest (1000 km) planetesimals are
more readily scattered into the inner Solar System. This is explained
by the strong size-dependence of aerodynamic gas drag. The eccen-
tricities of the largest planetesimals are damped the slowest, so that
these large planetesimals undergo a higher number of scattering events
with Jupiter and reach higher eccentricities (and correspondingly lower
perihelion distances) than smaller planetesimals that feel stronger gas
drag.
3. The radial distribution of implanted and water-delivering planetesimals
tells a story of timing. For D ≤ 100 km, asteroidal implantation occurs
when both Jupiter and Saturn grow. For the largest planetesimals,
implantation is most effective when Jupiter grows, when the gas density
is highest.
The D = 1000 km planetesimals are scattered to the terrestrial re-
gion throughout the simulation such that the source region of water-
delivering bodies is roughly flat with initial orbital radius. Smaller
(D ≤ 100 km) planetesimals are only scattered to such high eccen-
tricities and small semimajor axes late in the simulation when the gas
density was lower. They therefore have an increase in the efficiency
of water delivery near Saturn’s orbital radius. In fact, near Saturn’s
orbital radius the efficiency of water delivery is comparable for 10, 100
and 1000 km planetesimals.
3.2. Effect of the giant planets’ growth timescale and the gas disk’s dispersal
timescale
We performed additional simulations to test the effect of the giant planets’
formation timescale and the disk’s dispersal timescale.
To isolate the effects of the planets’ growth timescale, we first ran sim-
ulations of a single Jupiter growing in a non-evolving disk. As the planet
grew it carved a gap in the disk (see Fig. 1) but the disk as a whole did not
dissipate. We tested three different timescales for (linear) growth: 104, 105,
and 106 years. We ran identical simulations with planetesimals of different
sizes for each growth timescale. Each simulation was run for 1.2 Myr, with
the giant planet’s growth starting at 0.1 Myr. By the end of each simulation
the vast majority (> 95%) of planetesimals had been removed from the re-
gion between 4 and 7 AU, and there was little evolution during the last 105
years.
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Figure 6: Implantation and scattering efficiency in simulations with only Jupiter grow-
ing in-situ in a non-dissipating disk. The solid lines show the implantation efficiency for
different-sized planetesimals. The blue dashed line shows the efficiency of scattering onto
Mars-crossing orbits. Given the high-density, non-evolving disk, only the largest planetes-
imals were scattered toward the terrestrial region in these simulations.
Figure 6 shows that Jupiter’s growth timescale has only a modest effect
on the implantation process. The efficiency of implantation into the main
belt did not vary by more than a factor of a few for the smallest and largest
planetesimals, but it differed by a factor of 5-10 for between the shortest and
longest growth timescales for medium-sized (D =10-100 km) planetesimals.
This is because with a slow-growing gas giant scattered planetesimals have
longer to interact with the gas disk and so they are implanted closer to the
giant planet, exterior to the main belt. For the same reason, the fraction
of large planetesimals scattered onto Mars-crossing orbits also dropped for
longer growth timescales. The small planetesimals are basically unaffected
because they preferentially drift into the main belt rather than scatter.
For the same growth timescale of Jupiter (105 years), the efficiency of
asteroidal implantation in a static disk (Fig. 6) is within a factor of 2-3 of
that in a dissipating disk (Fig. 5). We conclude that the disk’s dissipation
timescale is not a key parameter in the implantation mechanism, at least for
the combination of parameters that we have tested.
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Figure 7: Left: Orbital distribution of planetesimals scattered past Saturn (including
unstable ones with orbits that cross Saturn’s) from the same simulations as in Figs. 4
and 5. Right: Source region of planetesimals implanted onto stable orbits beyond Saturn,
defined as having perihelia larger than 9 AU.
3.3. Implantation of planetesimals into the outer Solar System
During the gas giants’ growth, some planetesimals are scattered outward.
Under the action of eccentricity damping from gas drag, a fraction are cap-
tured onto stable orbits exterior to Saturn’s.
Figure 7 shows the planetesimals scattered outward in the same simula-
tions from Figs 4 and 5. As for the inner Solar System, planetesimals are
scattered along curves of constant Tisserand parameter extending to arbitrar-
ily high eccentricity. Gas drag acts to decrease their eccentricities and strand
them on stable orbits. Given the lower density of the outer parts of the disk,
this process is more strongly size-dependent than implantation into the main
belt. While 1 and 10 km planetesimals were scattered outward at a rate of
∼50% from Saturn’s neighborhood, the process was far less efficient for large
planetesimals. The reason is simple: for large planetesimals the timescale for
eccentricity damping due to gas drag is longer than the timescale for ejection
from the Solar System. As a result, large planetesimals are preferentially
lost whereas small ones are captured. This may have consequences for the
expected size distribution of the Oort cloud (Brasser et al., 2007).
Smaller (1 and 10 km) planetesimals are preferentially implanted closer to
Saturn, with semimajor axes between 10 and 15 AU. A fraction are scattered
to more distant orbits but with large eccentricities. These objects certainly
contaminate the outer Solar System with material from the Jupiter-Saturn
region. Although these simulations do not include the ice giants (or their
precursors), we expect them to participate in the same process. A fraction
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of planetesimals scattered outward onto ice giant-crossing orbits should be
scattered outward, and the process should continue until a fraction of plan-
etesimals reaches past the outermost planet (or perhaps a wide gap between
planets if one exists). See Section 7.
If there is a strong gradient in composition across the Jupiter-Saturn
region then it is possible that this is a dynamical mechanism to deposit
refractory objects into the outer Solar System, either by direct implantation
or by the disruption of weak planetesimals on eccentric orbits that pollute
the outer Solar System with a trail of debris. However, given the efficiency
of implantation into the outer main belt we expect most of this material to
have carbonaceous composition (like the C-types) so it is unclear whether
this mechanism can explain the origin of refractory grains in comets such as
those seen by the Stardust mission (Brownlee et al., 2006) or in the Oort
cloud (Meech et al., 2016).
4. Timing of giant planet formation: water delivery vs. asteroidal
implantation
We now test the importance of the timing of giant planet formation.
Timing matters because the gas disk’s density decays rapidly, and most
planet-forming disks are gone within a few million years (Haisch et al., 2001;
Mamajek, 2009).
We performed simulations in which Jupiter and Saturn grew simultane-
ously in place (without migrating) on a 105 year timescale in a disk that
itself dissipated on an exponential timescale of 2.5 × 105 years. We varied
the start of the giant planet’s gas accretion from zero to 1 Myr, i.e., from
0 to 4 e-folding timescales in the disk’s density. Simulations contained 104
100 km planetesimals initially between 4 and 9 AU and were integrated for
2.5 Myr (10 e-folding times of the gas’ surface density).
Figure 8 shows that the balance between implantation into the asteroid
belt and scattering to the terrestrial zone is a strong function of the timing of
giant planet formation (Fig. 8). At early times, scattered planetesimals’ ec-
centricities are quickly damped, such that implantation is significantly more
efficient than scattering into the inner Solar System.
The efficiency of asteroid belt implantation drops strongly as the disk
dissipates (Fig. 8). Scattering to the terrestrial zone becomes more prevalent
for simulations in which the giant planets formed later than∼ 5×105 years (=
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Figure 8: The relative importance of C-type asteroid implantation and water delivery as
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planetesimals were 100 km in diameter.
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2τgas). Scattered planetesimals preferentially reach high-eccentricity orbits
late in the disk lifetime.
Because gas drag is size-dependent (Adachi et al., 1976), the relative con-
tribution is tipped from asteroidal implantation to terrestrial planet-crossing
for different size planetesimals at different times. Due to their weaker gas
drag, large planetesimals are strongly scattered toward the terrestrial region
at early times whereas small planetesimals are only scattered strongly at late
times when the disk is low-density.
Figure 8 illustrates a specific setup but can be interpreted in a more
general sense. The timing of rapid gas accretion can be thought of as simply
the time at which a planetesimal is scattered. In this case the planetesimals
originated in the Jupiter-Saturn region, but other sources can be imagined.
For example, the growth and migration of the ice giants (Izidoro et al., 2015)
would have scattered planetesimals toward the giant planets (see Section 7).
The fate of scattered planetesimals – and whether they likely contributed
to the C-types in the main belt or Earth’s water budget – can be broadly
determined by knowing the timing of the scattering.
5. Different scenarios for Jupiter and Saturn’s migration
Orbital migration of planets embedded in gaseous protoplanetary disks is
unavoidable (Goldreich and Tremaine, 1980; Lin and Papaloizou, 1986; Ward,
1997; Armitage, 2007; Paardekooper et al., 2011). Yet Jupiter and Saturn’s
migration history is only loosely constrained. Given the rapid migration
of low-mass planets, it is likely that Jupiter’s core underwent large-scale
migration. Combining pebble accretion and migration, Bitsch et al. (2015)
showed that Jupiter’s core may have originated as far as 20-30 AU from the
Sun and migrated inward to be stranded near 5 AU. In contrast, Raymond
et al. (2016) proposed that Jupiter’s core may have formed very close to the
Sun and migrated outward.
This panel of possible migration histories gets even wider when Saturn is
accounted for. The Grand Tack model proposes one plausible migration his-
tory for the giant planets, in which Jupiter’s inward migration was reversed
by Saturn’s growth and capture in 2:3 mean motion resonance (Walsh et al.,
2011). This mechanism has been validated by a number of hydrodynamical
studies (Masset and Snellgrove, 2001; Morbidelli et al., 2007; Pierens and
Nelson, 2008; Crida et al., 2009; Zhang and Zhou, 2010; Pierens and Ray-
mond, 2011). By calculating a self-consistent disk structure, Pierens et al.
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(2014) showed that Jupiter and Saturn have a wider range of evolutionary
pathways. For higher disk masses and higher viscosities, Jupiter and Saturn
enter 3:2 resonance and migrate outward, as in previous studies in isother-
mal disks. However, for modestly lower disk masses and viscosities Saturn’s
migration is slower and it is trapped in 1:2 rather than 2:3 resonance with
Jupiter. In this configuration the two planets may either migrate outward
or remain on roughly stationary orbits (Pierens et al., 2014). Here we focus
on inward migration (or roughly stationary outcomes for the in-situ growth
case from Section 3) and discuss the effect on the Grand Tack model below.
We performed simulations with different assumptions regarding Jupiter
and Saturn’s migration (Figure 9). The simulations started with Jupiter’s
core at 10 AU and Saturn’s core at 15 AU. The scenarios we tested can be
divided into two categories: either Jupiter and Saturn grew and migrated
together or separately. For simultaneous migration of the two planets (top
2 panels in Fig. 9) we also tested different growth and migration rates. For
sequential migration, Jupiter first grew and migrated, followed by Saturn.
We tested different migration rates for Saturn. As expected, fast migration
led to capture into the 2:3 mean motion resonance with Jupiter, and slower
migration led to capture into the 1:2 resonance (Pierens and Nelson, 2008;
Pierens et al., 2014). We performed simulations for planetesimal sizes of
1, 10, 100 and 1000 km, although the sims from Fig. 9 all have 100 km
planetesimals. During the planets’ migration, the gas disk profile was scaled
and translated to keep the gaps centered on the planets’ orbits and the disk’s
surface density continuous.
Figure 10 shows the source region of planetesimals implanted into the
asteroid belt for the four simulations from Fig. 9 as well as the in-situ accre-
tion simulation from Fig. 2. The feeding zones of all five simulations have
a similar shape, with the bulk of implanted C-type asteroids originating be-
tween 4-5 and 9-10 AU. Each of the simulations with migration has a tail
of implanted bodies that extends out to Saturn’s starting orbital radius of
15 AU. This source region should indeed extend out to at least the starting
orbital radius of the giants’ cores, which could plausibly be as distant as 25-30
AU (Bitsch et al., 2015). The simulation with slow simultaneous migration
did not implant asteroids from interior to 5 AU because planetesimals were
preferentially shepherded by the 2:1 mean motion resonance, which deposited
a large amount of bodies just exterior to the main belt.
The source region for implanted asteroids (Fig. 10) is roughly as the one
inferred from the Grand Tack model (Walsh et al., 2012). We expect this to
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Figure 9: Snapshots in the evolution of four simulations with concurrent growth and
orbital migration. Here, Jupiter and Saturn’s cores started at 10 and 15 AU, respectively.
In the top two panels, Jupiter and Saturn grew and migrated inward in concert, with
migration and growth timescales of 100 kyr (top left panel) and 200 kyr (top right panel).
In the bottom panels Jupiter grew first and migrated inward, followed by Saturn. In
the bottom left panel, Saturn’s migration was fast enough to be captured in 2:3 mean
motion resonance whereas in the bottom right panel Saturn’s migration was slower and it
was caught in 1:2 resonance. In all cases the disk dissipated exponentially on a 200 kyr
timescale. Planetesimal colors track their starting position – the four inner colors match
those from Fig. 2. The vertical lines of planetesimals interior to Jupiter’s orbit are strong
mean motion resonances that shepherd planetesimals inward (Tanaka and Ida, 1999; Zhou
et al., 2005; Fogg and Nelson, 2005; Raymond et al., 2006; Mandell et al., 2007).18
Figure 10: Source regions for planetesimals implanted as C-type asteroids into the main
belt (<3.2 AU) from five different simulations. The top panel represents the simulation
from Fig. 2. in which Jupiter and Saturn grew in-situ. The other four simulations are those
from Fig. 9, in which Jupiter and Saturn’s cores started at 10 and 15 AU, respectively,
and migrated inward.
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be even wider when migration of the ice giants (Izidoro et al., 2015) – which
provide an additional source of planetesimals to be scattered by Jupiter – are
accounted for. The initial compositional diversity within this region may be
the origin of the variety of types of asteroids in the outer belt (DeMeo et al.,
2015) as well as the variety of different volatile-rich meteorites.
6. Simulations including the ice giants
We ran two additional simulations including Uranus and Neptune. In the
simulations both ice giants were assumed to be fully-grown at the start (see
Izidoro et al., 2015, for a more realistic growth scenario). We assumed that
all four giant planets migrated inward and tested both a sequential and si-
multaneous case. The planets’ initial orbital radii were 10, 15, 20, and 25
AU. As in the simulations from Fig. 8, the disk dispersed with τgas = 250 kyr
and the simulations were integrated for 2.5 Myr. Planetesimals were 100 km
in diameter.
In the sequential case, Jupiter’s migration and gas accretion both took
place from 100 to 400 kyr. Saturn grew from 300 to 400 kyr, then migrated
inward rapidly in just 25 kyr. Uranus migrated inward from 500 to 700 kyr
and Neptune from 600 to 800 kyr. In the simultaneous migration simulation
Jupiter’s growth and migration again took place from 100 to 400 kyr. Saturn
grew and migrated on the same timescale. The ice giants again migrated from
500 to 700 kyr and from 600 to 800 kyr. The final giant planet configuration
is a resonant chain with Jupiter and Saturn in 3:2 resonance, Saturn and
Uranus in 2:1 resonance, and Uranus and Neptune in 4:3 resonance.
Figure 11 shows the evolution of the two simulations, which included
104 planetesimals initially distributed from 4 to 30 AU. In the simulation
with sequential migration, Saturn’s migration gave Jupiter a substantial kick
that pushed it interior to its destined final orbital radius, finishing at 4.33
AU, while Saturn stopped at 7 AU, just exterior to the 2:1 resonance. The
simulation with simultaneous migration was better behaved, with the four
giant planets finishing in the expected resonant chain.
As in Fig. 9, Jupiter shepherded planetesimals interior to strong mean
motion resonances, and there was a prolonged phase of chaotic planetesimal
scattering that both deposited planetesimals into the main belt and scattered
some toward the growing terrestrial planets
Figure 12 shows the source region for implanted and potentially water-
delivering planetesimals. In simulations with ice giants particles were im-
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Figure 11: Snapshots in the evolution of two simulations with concurrent growth and
orbital migration that also include the ice giants. Planetesimal colors are compatible with
previous figures, with the addition of light green particles that originated past 20 AU.
planted into the main belt from a region more than 20 AU in width. As in
Fig. 10, the particles with the highest efficiency of implantation were those
initially located in the (present-day) Jupiter-Saturn region between roughly
4 and 10 AU. However, the tail of the distribution of implanted planetesimals
extended out to Neptune’s original orbit of 25 AU.
Planetesimals scattered toward the terrestrial planets span roughly the
same radial range as the distribution of planetesimals implanted in the main
belt, from 4 AU to past 25 AU (Fig. 12). However, planetesimals scattered
toward the terrestrial planets have a somewhat flatter distribution and more
often originate past 10 AU. This is because planetesimals from past 10 AU
only reach the inner Solar System after being scattered by multiple planets,
and this tends to happen at late times, after the disk’s density has already
dropped substantially. Given the importance of the disk density in balancing
scattering vs. implantation (Fig. 8), these late scattered planetesimals are
more likely to reach the terrestrial planets than to be deposited on stable
orbits within the main belt.
We have only illustrated two of a continuum of possible growth and mi-
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Figure 12: Source regions for planetesimals implanted as C-types in the main belt (black
curves) and scattered to the terrestrial zone (blue dashed curves) from two simulations
that include the ice giants (see Fig. 11).
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gration pathways for the giant planets. The mechanism of planetesimal scat-
tering and implantation is remarkably robust. In all cases, planetesimals
from the Jupiter-Saturn region are implanted into the main belt with a high
efficiency, with a tail extending out to the outermost planets. Planetesimals
from across the Solar System are scattered by the growing/migrating giant
planets onto high eccentricity orbits – preferentially late in the disk lifetime
– that cross the terrestrial zone and have the potential to deliver water to
the growing terrestrial planets.
7. The high efficiency of implantation
Implantation of scattered planetesimals into the main belt is surprisingly
efficient. As shown in Fig 10, a large fraction of planetesimals initially located
between 4 and 10 AU are implanted into the asteroid belt during the giant
planets’ growth. In all cases this fraction is higher than 10%. However, the
current asteroid belt is very low in mass. There are a number of possible
explanations:
• A large number of planetesimals were indeed implanted but
the asteroid belt was subsequently depleted. Some disk models
predict that the primordial belt contained 1− 2 M⊕ in solids (Hayashi,
1981). An Earth-mass of C-types would indeed have been implanted
into the main belt if a) there was 5−10 M⊕ in planetesimals in the giant
planet region when Jupiter underwent rapid gas accretion (Fig. 5), and
b) Jupiter’s gas accretion was early enough to favor asteroidal implan-
tation (Fig. 8). This requires a mechanism to subsequently strongly
deplete the belt, and there are several candidate mechanisms. Resi-
dent planetary embryos in the belt can efficiently excite and deplete the
belt (Wetherill, 1992; Chambers and Wetherill, 2001; Petit et al., 2001;
O’Brien et al., 2007), although in many simulations embryos survive
after the terrestrial planets have formed, in conflict with the observed
Solar System, as the imprint of embryos on surviving planetesimals
would likely survive a Nice model instability (Raymond et al., 2009).
Sweeping secular resonances during the disk’s dissipation are another
possibility (Lecar and Franklin, 1997; Nagasawa et al., 2005), although
it is unclear whether sweeping resonances can provide strong enough
depletion (O’Brien et al., 2007), in particular when accounting for self-
consistent (generally low-eccentricity) orbits for the giant planets. In
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the Grand Tack model, Jupiter’s inward-then-outward migration de-
pletes the belt by roughly two orders of magnitude (Walsh et al., 2011,
2012). Our implantation mechanism is thus consistent with (but does
not require) the Grand Tack. We discuss how implantation affects the
Grand Tack model in Section 8.4.
• There were very few planetesimals nearby when the giant
planets formed. If the giant planets formed from a swarm of plan-
etesimals (Thommes et al., 2003; Levison et al., 2010), it stands to
reason that there would be an abundant population of planetesimals
in the cores’ vicinity when they undergo runaway gas accretion (al-
beit with orbits sculpted by the growing cores). However, this model
has significant problems, in particular with regards to the inefficiency
and long duration of core growth (e.g. Levison and Stewart, 2001). In
contrast, the pebble accretion model proposes that giant planet cores
grow preferentially by the accretion of small pebbles rather than plan-
etesimals (Lambrechts and Johansen, 2012, 2014; Levison et al., 2015).
While some planetesimals are needed to act as ‘seeds’ for growth by
pebble accretion, it is unclear how efficiently planetesimals themselves
form (Johansen et al., 2014). One can envision a scenario in which a
small ring of planetesimals formed, with the giant planet cores repre-
senting the fastest-growing planetesimals. Only a small population of
slower-growing planetesimals was close enough to be scattered and im-
planted. This is plausible based on current understanding but depends
on the timing and spatial extent of planetesimal formation, which is
currently poorly-constrained (Johansen et al., 2014). In addition, plan-
etesimals may have been removed by collisional grinding.
• Jupiter and Saturn formed late. Given that implantation depends
strongly on the gas surface density (Fig. 8), late growth of the gi-
ant planets would imply a low efficiency of implantation into the belt.
Some models suggest that Jupiter and Saturn did form late in the
disk’s lifetime (Thommes et al., 2008). Of course, the planets cannot
have formed arbitrarily late because the disk must have enough mass to
supply. The default gas disk in our simulations follows an r−1 surface
density profile normalized to Σ0 = 4000 g cm
−2 at 1 AU, or roughly
0.5MJ AU
−2. With an r−1 surface density profile the mass in an annu-
lus with a given width dr is constant, simply 2piΣ0dr or roughly 6MJ in
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any given annulus dr = 1 AU in width. It is therefore hard to imagine
Jupiter having undergone rapid gas accretion after the disk had dissi-
pated by more than roughly a factor of 6 (about 2 e-folding timescales),
assuming that Jupiter efficiently accreted gas within an annulus of 1
AU in width (although we note that Jupiter could continue accreting
gas from tidal streams for longer timescales; e.g., Lissauer et al., 2009).
In Fig 8, Jupiter should have formed before roughly 5×105 years, but it
is important to realize that time zero in Fig 8 is when the disk starts to
disperse, likely several millions of years after CAIs (Haisch et al., 2001;
Mamajek, 2009). By the same arguments, Saturn should have formed
before 3 × 105 years. Pushing the formation times of each planet to
late times, the inner disk would be depleted to a corresponding degree,
dropping the efficiency of implantation (Fig. 8).
Kruijer et al. (2017) showed that carbonaceous and non-carbonaceous
meteorites originate from two co-eval but spatially separate reservoirs.
They used the meteorites’ age distribution to argue that Jupiter must
have been present and at least ∼ 20 M⊕ by 1 Myr after CAIs. Jupiter’s
core would provide a dynamical barrier between the carbonaceous and
non-carbonaceous reservoirs (see Lambrechts et al., 2014) and main-
tain their observed chemical and isotopic differences. Kruijer et al.
(2017) argue that Jupiter only grew to its current size 3-4 Myr after
CAIs because carbonaceous chondrites continued to form until that
time (Kita and Ushikubo, 2012; Connelly et al., 2012). Given this
timeline, Jupiter’s growth must certainly have triggered planetesimal
scattering leading to asteroidal implantation and perhaps water deliv-
ery to the growing Earth. However, the crucial parameter – the surface
density of the disk, in particular interior to Jupiter (Fig. 8) – remains
unconstrained.
• Our gas disk profile overestimates the density in the inner
disk. The most important factor in determining the implantation ef-
ficiency is the level of orbital energy loss via gas drag in the asteroid
region. Motivated by observations (Andrews et al., 2009, 2010) and
viscous disk theory (Lynden-Bell and Pringle, 1974; Chambers, 2006;
Bitsch et al., 2015) we chose a simple power-law profile for the disk.
New models that account for non-linear hydrodynamical effects find a
variety of disk profiles (Bai, 2016; Suzuki et al., 2010; Morbidelli and
Raymond, 2016). One model (Suzuki et al., 2010) that invokes disk
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winds as a mechanism for angular momentum transport finds a surface
density profile that peaks in the Jupiter Saturn region and drops sig-
nificantly closer-in. Such a disk would simultaneously contain enough
mass in gas to grow Jupiter at 5 AU and have a low-density inner re-
gion with weak gas drag and inefficient implantation of planetesimals
into the asteroid belt (and correspondingly more efficient delivery of
water-bearing planetesimals to the terrestrial planet region).
At present it is unclear which of these solutions is the most reasonable.
The field of planet formation is presently making significant strides in learn-
ing about pebble accretion, planetesimal formation, giant planet formation,
and disk models so we expect this to become better understood in the years
to come.
8. Matching the inner Solar System
We now discuss how our results can match constraints and fit within the
broader context of Solar System formation. We discuss constraints from the
relative abundance of water in C-types vs. the Earth (Section 8.1), isotopic
constraints from Solar System bodies (Section 8.2), and the structure of the
asteroid belt (Section 8.3). We then show how our mechanism fits within
different models of terrestrial planet formation (Section 8.4).
8.1. Relative abundance of C-types and Earth’s water
Earth’s bulk water content is debated, as the amount of water trapped
in the mantle is poorly-constrained. Estimates range from less than one
ocean (Panero, 2016) to a few (Halliday, 2013) to more than ten oceans (Marty,
2012), where an “ocean” of water is defined as the amount of water on Earth’s
surface (≈ 1.5 × 1024 g). The core’s water (or hydrogen) content is likewise
debated (Badro et al., 2014; Nomura et al., 2014).
Planetesimals scattered onto inner Solar System-crossing orbits represent
a source of water for the terrestrial planets. These objects originated beyond
4 AU and their source region overlaps with that of planetesimals implanted as
C-type asteroids (see Figs. 5 and 10). Given the chemical match between as
Earth’s water and Nitrogen have the same isotopic signature as carbonaceous
chondrite meteorites (Marty and Yokochi, 2006), linked with C-types (see
Section 8.2 below).
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Earth’s water content is consistent with the accretion of 2.5−25×10−3 M⊕
of C-type material (Morbidelli et al., 2000; Marty, 2012). The total present-
day mass in C-types is ∼ 5 × 10−4 M⊕. Accounting for a factor of ∼5 in
dynamical depletion over the belt’s history (Minton and Malhotra, 2010;
Morbidelli et al., 2010), roughly 10-20 times more C-type material must
have been scattered onto terrestrial planet-crossing orbits than was implanted
into the asteroid belt. If a large amount of collision depletion took place
after implantation (e.g. Bottke et al., 2005b), it would reduce this ratio.
For example, if the belt was collisionally depleted by a factor of 20, then a
roughly equal amount of planetesimals would need to have been scattered to
the terrestrial zone and implanted in the main belt.
A single relatively late burst of giant planet formation could in principle
simultaneously implant the C-type asteroids and deliver water in the correct
ratio (see Fig. 8). However, we find it more consistent to envision multiple
episodes of growth and planetesimal scattering. Jupiter likely formed while
the disk was still massive (Lissauer et al., 2009), implanting the bulk of the
C-types. Saturn formed later and its scattered planetesimals were divided
between implantation and water delivery. There were certainly later bursts of
planetesimal scattering associated with the migration and growth of the ice
giants (Izidoro et al., 2015), contributing mainly to terrestrial water delivery
with less asteroidal implantation (see Section 6). This multiple-scattering
scenario naturally predicts the observed diversity of asteroid types within
the outer belt (Gradie and Tedesco, 1982; Bus and Binzel, 2002; DeMeo and
Carry, 2013, 2014). Of course, Saturn need not have formed after Jupiter
to match the inner Solar System. Many variants on the multiple-scattering
scenario could provide a match, and these can be explored using the timing
constraints illustrated in Fig. 8.
It is also worth considering the chemical constraints on Earth’s accretion.
Rubie et al. (2015) showed that matching Earth’s core mass and chemistry
requires that its early accretion was dominated by reduced material and that
any oxidized material – including water – was accreted late. In this pa-
per we do not simulate terrestrial planet formation or the actual delivery
of water-rich material to the growing Earth. However, we can use previ-
ous work to make an educated guess about how our results fit in. By the
time of Jupiter’s gas accretion, the terrestrial region is thought to have been
made up of roughly Mars-sized planetary embryos (Kokubo and Ida, 2000;
Morbidelli et al., 2015) that presumably accreted predominantly from lo-
cal, reduced material. In our simulations, planetesimals scattered by the
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growing giant planets toward the terrestrial planet region are stranded on
high-eccentricity, inclined orbits when the disk dissipates. This is similar to
the tail of water-delivering material produced by Jupiter and Saturn’s late
outward migration in the Grand Tack model (Walsh et al., 2011), and we
expect its accretion to proceed in a similar fashion. O’Brien et al. (2014)
showed that water delivery to Earth from a distribution of scattered C-type
bodies happens preferentially late in Earth’s growth, but most water is ac-
creted before the last giant impact on Earth. Assuming a similar outcome
for our simulations, the mechanism presented here appears consistent with
the geochemical constraints from Rubie et al. (2015).
8.2. Isotopic constraints on source regions of water
The strongest discriminant to date between sources of Earth’s water is
their isotopic ratios. Earth’s hydrogen and nitrogen isotopic signatures (the
D/H and 15N/14N ratios) match carbonaceous chondrite meteorites (Marty
and Yokochi, 2006), spectroscopically linked with C-type asteroids (Bus and
Binzel, 2002). Water directly accreted from nebular gas would have had a
much lower D/H ratio than the Earth’s present-day value, and some low
D/H water has indeed been found from deep mantle sources (Hallis et al.,
2015). Comets appear to have a broad range of D/H values, from Earth-
like (Hartogh et al., 2011; Lis et al., 2013) to several times higher (Altwegg
et al., 2015). However, their 15N/14N ratios are systematically higher than
Earth’s (Marty and Yokochi, 2006). Assuming that Comet 67P/Churyumov-
Gerasimenko is representative of the bulk cometary reservoir, Marty et al.
(2016) used ROSINA measurements from the ROSETTA mission to show
that comets represent a contribution of less than 1% for Earth’s water (al-
though they may have provided the bulk of certain atmospheric noble gases).
Carbonaceous chondrites – particular CI chondrites – appear to represent the
best match to Earth’s water and nitrogen (Alexander et al., 2012).
Can an object’s D/H ratio be used to determine where it condensed? It
is generally expected that the D/H increased with orbital radius within the
Sun’s planet-forming disk (Drouart et al., 1999; Jacquet and Robert, 2013).
However, models disagree on the radial behavior of the D/H ratio in the disk.
Yang et al. (2013) found a high D/H in the Jupiter-Saturn region but a lower
D/H at larger distances. In contrast, Albertsson et al. (2014) found a D/H
ratio that maintained Earth-like values out to ∼2.5 AU for a laminar disk
but out to ∼ 10 AU for a turbulent disk.
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Alexander et al. (2012) pointed out that Enceladus’ measured D/H ratio
is twice as high as Earth’s, and suggested that Earth’s water must therefore
have its origins interior to Saturn. The question is whether this data point
indicates that all water from beyond Saturn has a high D/H and is thus
incompatible with being the primary source of Earth’s water. There are
many questions to be asked. Is Enceladus’ D/H a constraint for the global
planet-forming disk’s D/H, or for the local conditions in the much higher-
pressure moon-forming disk around the young Saturn? Where did Saturn’s
core originate in relation to the condensation location of different classes
of comets? And how does Titan’s Earth-like D/H ratio (measured in CH4;
Abbas et al., 2010) fit within this picture?
We have shown that it is inevitable that planetesimals from near Saturn
were implanted into the asteroid belt, likely as C-types. This implanted
population had the same source region as Earth’s water (Fig. 5). Although
there may be some differences in the timing of scattering vs. implantation, we
naively expect their isotopic ratios to be similar. It remains to be understood
whether this isotopic variety can be mapped back to the original condensation
region or time (see Krot et al., 2015).
We conclude that our implantation mechanism appears to be consistent
with current constraints.
8.3. The asteroid belt’s orbital structure and size distribution
Other constraints on the early evolution of the asteroid belt come form
the belt’s orbital structure and size distribution. We briefly discuss these
constraints, arguing that our implantation mechanism is consistent with each.
While low in total mass the asteroids’ orbits are excited in eccentricity
and inclination. Several potential sources of excitation have been proposed,
including excitation by local planetary embryos (Wetherill, 1992; Chambers
and Wetherill, 2001; Petit et al., 2001; O’Brien et al., 2007), sweeping secular
resonances (Lecar and Franklin, 1997; Zheng et al., 2017), and chaotic excita-
tion by Jupiter and Saturn (Izidoro et al., 2016). In our simulations the im-
planted C-types have size-dependent eccentricities and inclinations (Fig. 3)
because of the size-dependent strength of aerodynamic gas drag (Adachi
et al., 1976). In a high-density or long-lived disk, all planetesimals’ eccen-
tricities and inclinations are damped to near zero. In contrast, in a lower-
density disk, only the smallest planetesimals have their eccentricities damped
to low values and there is a natural spread. If Jupiter and Saturn formed
relatively late – or if the inner disk’s surface density were lower than in our
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simulations – then we can imagine a much broader distribution of eccentricity
and inclination among implanted asteroids. Of course, later phases of dy-
namical perturbation from secular resonance sweeping (Lecar and Franklin,
1997; Nagasawa et al., 2000; Zheng et al., 2017), chaotic excitation (Izidoro
et al., 2016), an instability in the giant planets’ orbits (Morbidelli et al.,
2010), and long-term dynamical effects (Minton and Malhotra, 2010) may
have contributed to shaping the present-day distribution. We note, however,
that O’Brien et al. (2007) found that secular resonance sweeping in a realistic
context (for reasonable disk dissipation timescales) cannot match the belt’s
depletion or orbital structure.
The asteroid belt’s size distribution constrains the early collisional evo-
lution of the belt (Bottke et al., 2005a). Several different initial asteroid size
distributions have been proposed (Morbidelli et al., 2009; Weidenschilling,
2011; Johansen et al., 2015). Our mechanism of planetesimal implantation
is modestly size-dependent (as is the secular resonance sweeping model of
Zheng et al., 2017). Mid-sized asteroids (10-100 km) are the most efficiently
implanted across the belt (Figs. 4 and 5). While the observed belt does show
a deficit of very large and very small asteroids (Bottke et al., 2005a), we can-
not claim to match the present-day size distribution given the unconstrained
size distribution of the implanting population. Yet the fact that our mecha-
nism implants a broad range of sizes suggests that it is not at odds with the
observed size distribution.
8.4. Our results in the context of terrestrial planet formation models
This paper introduces a new physical mechanism: scattering of planetes-
imals by growing gas giant planets leading to implantation in the asteroid
belt or water delivery to growing terrestrial planets. This is a mechanism, in
that this naturally occurs anytime a giant planet forms, rather than a model
designed to reproduce the Solar System. In this section we discuss how the
mechanism fits within four models of planet formation in the inner Solar
System: the classical model, the Grand Tack model, the low-mass asteroid
belt model, and the pebble accretion model.
The classical model (Wetherill, 1996; Chambers and Wetherill, 1998;
Chambers, 2001; Levison and Agnor, 2003; O’Brien et al., 2006; Raymond
et al., 2006, 2009, 2014; Morishima et al., 2008, 2010; Fischer et al., 2014)
proposes that the giant planets formed near their current locations and in-
fluenced the late stages of terrestrial planet accretion. In the classical model,
the terrestrial planets’ feeding zones extended into the asteroid region, and
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material originating past 2.5-3 AU represents the source of the terrestrial
planets’ water (Morbidelli et al., 2000; Raymond et al., 2004, 2007; O’Brien
et al., 2006). The initial distribution of water-bearing in the classical model
material reflects the present-day distribution of primitive classes of aster-
oids, with water-rich material existing only beyond 2.5-2.7 AU with C-type
compositions (Abe et al., 2000). Given the reliance on the distribution of
asteroid classes, we can simply interpret this distribution of water-rich ma-
terial as having been shaped by planetesimal scattering and implantation
at an earlier epoch when the giant planets formed. Planetesimal scatter-
ing would also naturally have delivered water-rich material inward to the
terrestrial planets, making that a weaker constraint on formation models.
Of course, the classical model is currently disfavored. By assuming ordered
accretion, the classical model tends to produce planetary systems in which
neighboring planets have similar masses (Lissauer, 1987; Kokubo and Ida,
2000). The model fails to match the large Earth/Mars and Venus/Mercury
mass ratios (Wetherill, 1991; Raymond et al., 2009) in all but a few percent
of simulations (Fischer et al., 2014).
The Grand Tack model (Walsh et al., 2011; Raymond and Morbidelli,
2014; O’Brien et al., 2014; Jacobson and Morbidelli, 2014; Brasser et al.,
2016, 2017) invokes the orbital migration of Jupiter to sculpt the inner Solar
System. In the Grand Tack model, Jupiter grew large, carved a gap in the
disk and migrated inward. Saturn formed later, migrated inward and caught
up with Jupiter when Jupiter was at 1.5-2 AU. At this point the direc-
tion of migration was reversed (Masset and Snellgrove, 2001; Morbidelli and
Crida, 2007; Pierens and Nelson, 2008) and the two planets migrated back
outward until the disk dispersed (Pierens and Raymond, 2011). Jupiters in-
ward migration depleted the asteroid belt and the Mars region but not the
Earth-Venus zone. In the Grand Tack model, S-type asteroids were scattered
outward during Jupiter’s inward migration, then back inward during its out-
ward migration and the C-types were implanted from exterior orbits during
outward migration. As the Grand Tack model starts with a fully-formed
Jupiter, it neglects an earlier phase of planetesimal scattering. Given that
the disk was relatively dense at this time and that in the model Jupiter was
closer-in (at ∼ 3.5 AU), a large fraction of nearby planetesimals would have
been deposited into the terrestrial planet region during this scattering. The
division between S-type objects interior to Jupiter’s initial orbit and C-type
objects exterior to Jupiter is overly simplistic. Some water would have de-
livered to the terrestrial planets at an earlier time than currently calculated
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in the model (O’Brien et al., 2014), in the form of planetesimals scattered
inward during Jupiter’s rapid gas accretion and shepherded inward during
Jupiter’s migration. Of course, the extent of early pollution depends on the
initial distribution of planetesimals, which is unconstrained.
The low-mass asteroid belt model (Dra¸z˙kowska et al., 2016; Izidoro
et al., 2015, 2016; Morbidelli and Raymond, 2016) proposes that the aster-
oid belt never contained a large mass in planetesimals. One model of dust
drifting in evolving planet-forming disks found a pileup capable of produc-
ing planetesimals in a narrow region near 1 AU (Dra¸z˙kowska et al., 2016).
This confined annulus of material can match the large Earth/Mars mass ra-
tio (Hansen, 2009; Walsh and Levison, 2016). In the low-mass asteroid belt
model, the asteroid belt was populated by a modest population of native
asteroids as well as by bodies scattered outward from the terrestrial planet
region (Bottke et al., 2006). In a companion paper we show that even if
the primordial asteroid belt was completely empty it would have been pop-
ulated by S-types from the terrestrial planet region (Raymond and Izidoro,
2017). Our results fill an obvious hole in the model by providing a source of
C-type asteroids, implanted during Jupiter growth. Of course, since the belt
is initially low in mass and no later depletion of the belt is needed, only a
small mass in C-types would have been implanted. As discussed above, there
are a number of solutions related to the initial planetesimal distribution, the
timing of giant planet formation and the disk’s profile.
Pebble accretion. It has been proposed that the terrestrial planets may
have grown in large part by accreting pebbles drifting inward through the
disk. Simulations including pebble accretion appear to match the Earth/Mars
mass ratio, at least in the context of non-migrating giant planets (Levison
et al., 2015). While this model warrants further study, it will certainly be
affected by our planetesimal scattering mechanism. While Jupiter’s gas ac-
cretion creates a pressure bump that traps small particles and shuts off the
flux of pebbles into the inner Solar System (Lambrechts et al., 2014), it also
delivers a population of planetesimals that match the C-types and deliver
water to the growing terrestrial planets.
To summarize, the mechanism of planetesimal scattering can be incorpo-
rated into each of these models of terrestrial planet formation in a coherent
way.
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8.5. Comparison with previous results
We are not aware of previous work with the same approach or results as
our paper. However, three studies are worth mentioning.
First, Grazier et al. (2014) performed simulations of planetesimal scatter-
ing by the giant planet cores in the absence of gas drag. They found that a
large fraction of planetesimal from the giant planet region were scattered onto
orbits that crossed the outer asteroid belt, and interpreted this as pollution
of the outer asteroid belt. While our results agree in principle, we find that
little material is scattered to the asteroid belt by Jupiter and Saturn before
they undergo rapid gas accretion because they cannot scatter planetesimals
strongly enough to overcome the effects of gas drag and reach the main belt
(Fig 2).
Second, Turrini et al. (2012) simulated the effect of Jupiter’s growth on
the orbital evolution of the asteroid belt (see also Turrini and Svetsov, 2014).
They found a strong increase in collision velocities associated with Jupiter’s
growth, as well as radial mixing between planetesimals originating in different
zones. They did not include gas drag in their simulations so we cannot
compare capture rates, nor do we focus on collision velocities. Yet the results
seem broadly consistent with Jupiter’s growth having a strong effect on the
belt.
We wonder whether the strong increase in collision velocity at the time
of Jupiter’s growth seen by Turrini et al. (2012) could be associated with the
large impact velocity needed to explain the CB chondrites Krot et al. (2005).
CB chondrites are dated to ∼ 4.8 Myr after CAIs (Bollard et al., 2015).
Johnson et al. (2016) associated the spike in impact velocity with the timing
of Jupiter’s migration (assuming a Grand Tack), but an alternate explanation
is that it simply measures the timing of Jupiter’s rapid gas accretion.
Third, Brasser et al. (2007) studied the formation of the Oort cloud from
planetesimals scattered by the giant planets in the presence of the gaseous
disk. They found that the smallest comets were too strongly-coupled to the
gaseous disk to be scattered out to the Oort cloud and were instead trapped
in exterior resonance with giant planets (assumed to be fully-formed) or in
some cases drifted inward into the asteroid belt after being scattered by
Jupiter. This is similar to the evolution of the D = 1 km planetesimals in
our simulations. Brasser et al. (2007) found that larger (D & 20 km) comets
were decoupled enough from the gas to be scattered onto high-eccentricity
orbits that could reach the Oort cloud. Again, this is similar to our results
in that gas drag causing size-sorting of planetesimals.
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9. Conclusions
We have shown that a giant planet’s growth induces large-scale radial
mixing of small bodies. Planetesimals destabilized by Jupiter and Sat-
urn’s growth were scattered in all directions, and a substantial fraction were
trapped in the outer parts of the main asteroid belt. By identifying the
precursors of C-types with objects that condensed between roughly 4 and 9
AU, this naturally explains the distribution of C-types within the main belt.
Of course, the source region of implanted asteroids was likely even wider,
extending out to ∼ 15 AU or beyond when migration is accounted for.
The same mechanism delivered water to the growing terrestrial planets.
In the limit of weak gas drag – corresponding to large planetesimals or a
lower-density gas disk – Jupiter scatters planetesimals past the asteroid belt
onto orbits that cross the terrestrial planet region (Fig. 8). Planetesimals
scattered at early times, such as when Jupiter is thought to have formed, are
more likely to be trapped as asteroids. Later planetesimal scattering events
– triggered by the growth and/or migration of Saturn and the ice giants –
deliver water to the terrestrial planets with less efficient implantation. This
mechanism appears to be consistent with Solar System constraints (Section
7).
On a philosophical level, our results imply that Earth’s water and the
C-type asteroids are a simple, unavoidable consequence of the giant planets’
growth.
To conclude, we stress that any time a giant planet forms it scatters
planetesimals onto closer-in orbits. As most giant exoplanets are thought
to have formed beyond the snow line (Alexander and Pascucci, 2012; Bitsch
et al., 2015), this implies large-scale inward transport of water-rich bodies.
Giant exoplanets therefore likely to have delivered some water to the inner
regions of their host systems.
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